Introduction
The functional integrity of the erythrocyte (RBC)' membrane undoubtedly requires normal interactions between cytoskeletal This study previously appeared in preliminary form in 1983 in Blood. 62:60a.
1. Abbreviations used in this paper: BME, beta-mercaptoethanol; DTP, 2,2 dithiodipyridine; DTT, dithiothreitol; Hct, hematocrit; HMW, high molecular weight; MMTS, methylmethane-thiosulfonate; NEM, Nethylmaleimide; PAS, periodic acid-Schiff (stain); PAGE, polyacrylamide gel electrophoresis; PMSF, phenylmethylsulfonylfluoride; RBC, erythrocyte(s).
proteins (1) . In turn, these interactions appear to depend, in part, upon preservation of cytoskeletal protein thiols in their optimal redox state. For example, the thiol-reactive reagent N-ethylmaleimide (NEM) adversely affects spectrin self-association (2) and spectrin interactions with band 2.1 (3) and 4.1 (4) membrane proteins. Furthermore, the attenuated RBC survival associated with hemoglobin Koln (5) , diamide treatment (6) , and certain glucose-6-phosphate dehydrogenasedeficient variants (7) is associated with appearance of high molecular weight (HMW) aggregates of membrane proteins linked by intermolecular disulfide bonds. Their presence is believed to reflect participation of oxidative processes in the pathophysiology of these disorders.
We suspected that sickle RBC membrane proteins also might acquire abnormalities of thiol redox status, since sickle RBC spontaneously generate approximately twice the normal amounts of activated oxygen species (8 (9) . The theoretical capacity of the gel (1 Atmol/ml of swollen gel) is such that the gel/membrane ratio we used (3 ml gel for a maximum of 5 mg protein) should provide at least a 10-fold excess binding capacity (assuming 60 nmol reduced thiol/mg membrane protein). However, as determined by our preliminary studies, the practical capacity of thiol-activated agarose is considerably less than this, and the amount of gel used was calculated to provide at least a 50% excess of 2-pyridyl-disulfide groups over the practical capacity of the gel for normal RBC membranes prepared as above. This was experimentally verified by determining that an increase in the amount of gel used did not alter the percent of gel-bound protein (data not shown).
Performance ofthe assay. Thiol-activated Sepharose 4B was swollen and washed in a sintered-glass funnel with "gel-buffer" (0.2 M NaCl; 0.2 M sodium phosphate; 2% SDS; 100 mg/liter PMSF; and 0.1 mM EDTA, pH 8.4, degassed). This gel was suctioned to semidryness, and 3.0 g of gel was placed into a 10-cc plastic column with a sinteredglass filter bottom. 1 ml gel-buffer and 1.0 ml SDS-solubilized membranes (2-5 mg protein/ml) were then added, and the columns were tightly capped after equilibration with 100% N2. After gentle agitation in an N2 atmosphere for 15 h at room temperature, columns were allowed to drain, and the filtrate was collected. This volume was pooled with that derived from a brief additional 3.0-ml gel-buffer wash and saved as "filtrate" (the blocked/oxidized-thiol) fraction.
The gel was then washed with 30 ml "wash-buffer" (5 mM sodium phosphate; 2% SDS; 100 mg/liter PMSF; and 0.1 mM EDTA, pH 8.4), which was then discarded. Gel-bound proteins were released by addition of 1.0 ml wash-buffer and 200 ul of BME, after which the gel was gently agitated for 1 h at room temperature. After drainage of the column, this step was repeated once more and was followed by a brief additional 3.0-ml wash with wash-buffer. These pooled washes were saved as "gel-bound" (reduced-thiol) fraction. For removal of BME (from the gel-bound fraction) and lowering of salt concentration (in the filtrate fraction) and/or for sample concentration, samples were dialyzed (exclusion limit = 
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Aliquots of original membrane preparations and the dialyzed and concentrated filtrate and gel-bound fractions were diluted to 2 mg/ml with wash-buffer. They were then diluted 1:1 (with buffer containing 15 .6% glycerol; 0.86 M BME; 5% SDS; and 0.125 M Tris HC1, pH 6.8) and boiled for 5 min. Equal amounts of protein (10 Mg) were applied to each lane on gradient (7.5-15.0%) polyacrylamide slab gels, which were then run according to the method of Laemmli (11) and stained with Coomassie blue or periodic acid-Schiff (PAS).
Thiol titration
Reduced thiol concentrations were determined by titration of proteins with 2,2 dithiodipyridine (DTP) (12) . After dilution of original membranes and gel-bound proteins and after concentration of filtrate fractions to 1 mg protein in 0.85 ml wash-buffer (containing 2% SDS), preparations were boiled for 5 min, 0. (Table II) . Partitioning of RBC membrane proteins from one patient who underwent exchange transfusion was nearly normal immediately after exchange, but over 6 wk reverted towards the patient's highly oxidized baseline state (data not shown).
The partitioning abnormality of sickle RBC membrane proteins is not explained simply by reticulocytosis. Analysis of high-retic control patients (Table III) revealed that not all Fig. 2 shows densitometry tracings of these three preparations.
In striking contrast to the PAGE pattern of normal RBC membranes (Fig. 1, lane 1) , the normal filtrate fraction (lane 2) consisted mostly of two major proteins: band 7 and a protein migrating just above band 4.1. The latter protein appears to be glycophorin since it stained intensely with PAS; indeed, all PAS-staining proteins partitioned completely into the filtrate fraction (data not shown). In addition to band 7 and glycophorin, the normal filtrate contained trace amounts of several other membrane proteins.
The gel-bound fraction from normal RBC membranes (Fig. 1, lane 3) , having been depleted of the filtrate fraction proteins (which compose -13% of total membrane protein), shows the expected reciprocal changes. For example, band 7 partitioned completely into the filtrate fraction and is, therefore, missing from the gel-bound lane. Unfortunately, the shift of glycophorin is not as readily discernible since it stained relatively 1 2 3 4 5 6 7 8 9 10 1.. lanes in Fig. 1 In contrast to the rather limited composition of the normal RBC filtrate fraction (Fig. 1, lane 2 Sickle RBC membranes had no HMW aggregates, either in the 3% stacking gels on Laemmli slabs or on 4% Fairbanks tube gels run without reducing agents (data not shown), as previously reported (1) . It is apparent that sickle membranes carried increased amounts of hemoglobin ( Fig. 1) and that sickle filtrate fractions contained a significant amount of hemoglobin ( Figs. 1 and 2) .
Thiol titration. Titration of protein thiols with DTP revealed unfractionated normal RBC membranes to have 60.3±9.2 nmol (n = 10) reduced thiol/mg protein (consistent with the existing literature reviewed in reference 14), while sickle RBC membranes have 48.1±9.1 nmol reduced thiol/mg protein (n = 8). DTP titration failed to detect any reduced thiols in filtrate fractions from either normal or sickle RBC (0±0 nmol/ mg; n = 7 each). Identical results were obtained using 5,5'-dithiobis(2-nitrobenzoic acid) for analysis of filtrate proteins. Similarly, presence of residual reduced thiols in filtrate fractions could not be detected using labeling with [(4C]iodoacetamide and autoradiography (Fig. 3) .
Treatment of filtrate proteins with DTT. As discussed below, most filtrate protein derived from normal RBC lacked constituent thiol groups. In contrast, much sickle filtrate protein had oxidized/blocked thiols. Therefore, treatment of these filtrate fractions with thiol-reducing agents would have been expected to expose a greater number of newly reduced thiols in sickle filtrates than in normal filtrates. Consequently, we treated filtrate fractions with 10 mM DTT (followed by dialysis to remove DTT). As expected, DTT treatment of filtrate fractions (which started with zero titratable thiols) exposed more thiols in sickle filtrates (24.1 ±1 1.1 nmol/mg; n = 3) than in normal filtrates (12.6±4.6 nmol/mg; n = 3). Consistent with this, reapplication of these treated filtrates to the thiol-disulfide exchange chromatography assay (Fig. 4) revealed that DTT-induced thiol reduction had allowed some of these filtrate proteins (particularly spectrin) to partition into the gel-bound fraction. (19) . Although their detailed structure is not known, band 7 proteins also may lack (reduced) thiols since they resist cross-linking by disulfide-forming reagents (20) and label poorly with [3H]NEM (21) . Analysis of sickle RBC membranes failed to reveal any single, particularly oxidatively vulnerable protein.
Rather, the filtrate fractions were enriched with all membrane proteins, indicating generalized oxidative perturbation of the sickle RBC membrane. Of particular interest, however, is the fact that the sickle filtrates contained excessive amounts of major cytoskeletal proteins: spectrin (band 2 more than band 1), ankyrin (band 2.1), and band 4.1.
As noted in the Introduction, normality of interactions between cytoskeletal proteins may depend, in part, upon preservation of optimal thiol redox status. Hence, our findings are perhaps relevant to several sickle RBC membrane abnormalities that may reflect cytoskeletal dysfunction. First, these data may help explain the fixed membrane conformation of irreversibly sickled cells (22) , which is currently hypothesized to reflect abnormal interactions between cytoskeletal proteins (1). This could be due to alteration of tertiary structure due to abnormal thiol oxidation, as has been reported preliminarily for certain patients with hereditary spherocytosis (23) . Second, since thiol modification with NEM adversely affects spectrin/ ankyrin interactions (3), our data may explain why inside-out vesicles prepared from sickle RBC fail to bind spectrin normally (an ankyrin-dependent process) (24). Third, since thiol oxidants destabilize the normal asymmetry of RBC membrane phospholipids (21) , these data may help explain the partial loss of phospholipid asymmetry in irreversibly sickled cells (25) . Finally, recent data suggest that cytoskeletal thiol oxidation perturbs normal permeability barriers (26), which may be relevant to the abnormal cation homeostasis of sickle RBC.
It is interesting to note that our two sickle patients with the least and most abnormal partitioning abnormality had the lowest and greatest apparent hemolytic rates, respectively, as evidenced by hematologic parameters and propensity for RBC adherence to macrophages (17) . However, the number of patients studied to date is insufficient for us to unequivocally identify any relationship between degree of thiol oxidation abnormality and either hemolytic or vasocclusive clinical severity. Nevertheless, these observations generally support the concept that RBC autooxidation may play a role in the pathophysiology of sickle disease.
